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All the independent components of the elastic constant tensor of multidomain LiTaO3 crystal were
determined by measuring bulk acoustic wave velocities and density for five multidomain LiTaO3
substrates perfectly depoled by heat treatment. Comparing these determined constants with the
elastic constants of single-domain LiTaO3 crystal revealed that the elastic constants of multidomain
crystal ci j differ from both the elastic constants at constant electric field ci j
E and those at constant
electric displacement ci j
D for single-domain crystal. The angular dependences of leaky surface
acoustic wave velocity were measured on single and multidomain 36°Y -cut LiTaO3 substrates by
line-focus-beam acoustic microscopy and compared with the calculated results using the determined
constants. The measured results agreed well with the calculated results. The constants will be used
to enhance theoretical understanding of the elastic properties of residual multidomains. © 1999
American Institute of Physics. @S0021-8979~99!07318-1#I. INTRODUCTION
Line-focus-beam ~LFB! acoustic microscopy has been
applied to the investigation of various materials and device
fabrication processes. Substantial studies with this technol-
ogy have been conducted on ferroelectric materials of
LiNbO31,2 and LiTaO31,3 single crystals, which are widely
used as substrates for surface acoustic wave ~SAW! devices.
The variations of elastic properties on/among substrates,
which are mainly due to chemical composition changes and
residual multidomains,4,5 have been successfully detected as
velocity changes of leaky surface acoustic waves
~LSAWs!.6–8
In particular, the LSAW velocity changes due to residual
multidomains have been studied on LiTaO3 substrates for
SAW devices: X-cut 112.2° rotated Y propagating
(X-112°Y ) and 36° rotated Y-cut X-propagating (36°YX)
substrates. The effects of residual multidomains on LSAW
velocity variations obtained in the measurement on X-112°Y
LiTaO3 substrates for Rayleigh-type SAW devices have been
quantitatively explained by comparing the LSAW velocities
measured for two types of substrates with extremely different
domain structures, the single- and the multidomain
substrates.7 However, the same method is not suitable for
explaining the LSAW velocity changes obtained on
36°YX-LiTaO3 substrates for shear horizontal ~SH!-type
SAW devices, as a Rayleigh-type mode of SAWs, which is
nearly uncoupled with piezoelectricity, is used for
characterization.8 Considering the fact that the residual mul-
tidomain state is between the single- and multidomain states,
information on the elastic properties of multidomain crystal
as well as single-domain crystal is essential to quantitatively
analyze LSAW velocity variations caused by residual multi-
domains.
In a recent study on single- and multidomain crystals of
LiTaO3, a comparison of the measured sound velocities of
bulk acoustic waves in the X, Y, and Z-axis propagation di-3340021-8979/99/86(6)/3342/5/$15.00
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differ from each other.9
In this article, bulk acoustic wave velocities and density
are measured on five multidomain LiTaO3 substrates per-
fectly depoled by heat treatment, and all the independent
components of the elastic constants of multidomain LiTaO3
crystal are determined. In addition, angular dependences of
LSAW velocity are measured on single- and multidomain
36°Y -cut LiTaO3 substrates and compared with the calcu-
lated results using these determined constants.
II. PROCEDURE OF DETERMINING ELASTIC
CONSTANTS
The multidomain LiTaO3 crystal substrates used in this
article and the commercially available single-domain LiTaO3
crystal substrates are extremes in domain structure. The latter
are produced by heating grown crystals above the Curie tem-
perature, and gradually cooling them with applying a dc
electric field; they have a uniform spontaneous polarization.
The crystals are then processed into substrates or wafers. The
former are prepared by heating single-domain substrates
above the Curie temperature and gradually cooling them
without applying a dc electric field; these have antiparallel
spontaneous polarizations. The domain size of a multido-
main LiTaO3 crystal is approximately 1 mm and much
smaller than the wavelengths ~15–65 mm! in the measure-
ment frequency range ~60–225 MHz!, so the multidomain
LiTaO3 crystal substrates have no piezoelectricity. Consider-
ing that a single-domain LiTaO3 crystal belongs to class 3m
of the trigonal system, a multidomain LiTaO3 crystal is
treated as one belonging to nonpiezoelectric crystal of class
3¯m in investigating the propagation of acoustic waves. Six
independent elastic constants @c11(5c1212c66), c12 , c13 ,
c14 , c33 , and c44# and density ~r! are related with the propa-
gation of acoustic waves.
These constants are determined by six bulk acoustic
wave velocities and densities. For bulk waves which propa-2 © 1999 American Institute of Physics
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tic velocity V and elastic constant ci j are simply expressed as
follows:
c115rVXl
2
, ~1!
c335rVZl
2
, ~2!
c445rVZs
2
, ~3!
c665rVYsX
2
. ~4!
VXl and VZl are the longitudinal velocities in the X- and
Z-axis propagation directions, respectively. VZs is the degen-
erate shear velocity in the Z-axis propagation direction, and
VYsX is the X-polarized shear velocity in the Y-axis propaga-
tion direction. Using the velocities measured, the elastic con-
stants of c11 , c33 , c44 , and c66 can be determined with Eqs.
~1!–~4!.
c14 is determined by the X-polarized shear velocity in the
rotated Y-axis propagation direction, VrYsX . The equation
between c14 and VrYsX is as follows:
c145~rVrYsX
2 2c44 sin2 u2c66 cos2 u!/sin 2u . ~5!
u is the rotation angle from the Y to Z axis. From this equa-
tion, c14 can be determined by using the determined c44 and
c66 and the measured VrYsX . The crystalline plane whose
X-polarized shear velocity greatly depends on the constant to
be determined, c14 , is selected as a specimen among crystal-
line planes described in the American Society for Testing
and Materials ~ASTM! card ~No. 29-836!. When employing
a crystalline plane in the ASTM card, the inclination angle
between the specimen surface and crystalline plane can be
measured by x-ray analysis, and the propagation direction of
acoustic waves can be recognized precisely. We examined
the changes of X-polarized shear velocities in the rotated
Y-axis propagation directions when c14
E is changed 61% by
using the values in the literature.10 The calculated results are
shown in Fig. 1. Circles in the figure represent the angles of
crystalline planes described in the ASTM card. The crystal-
line plane of (0210) ~rotated 58°Y -cut specimen! that shows
the largest velocity change among the crystalline planes in
the ASTM card is used for determining c14 .
FIG. 1. X-polarized shear velocity changes influenced by 1% increase and
decrease of the published constant c14E ~see Ref. 10!. Solid line: 11%, Dot-
ted line: 21%. s: angles of the crystalline planes described in ASTM card.Downloaded 05 Nov 2008 to 130.34.135.83. Redistribution subject toFinally, c13 is determined by the longitudinal velocity of
the rotated Y-cut specimen, VrYl . The equation between the
elastic constants and VrYl is as follows:
~c118 2rVrYl
2 !~c668 2rVrYl
2 !2c168
250. ~6!
The primed constants indicate that the constants have been
subjected to coordinate transformation for the desired propa-
gation direction. All of c118 , c668 , and c168 are functions of
rotation angle u and five elastic constants except c12 . From
this equation, c13 can be determined by using the four deter-
mined elastic constants, c11 , c14 , c33 , and c44 , and the mea-
sured VrYl . The propagation direction is selected by the cal-
culations using the published values,10 as well as c14 . The
longitudinal velocity changes of the rotated Y-cut specimens
when c13
E is changed 61% are shown in Fig. 2. In the angles
of crystalline planes in the ASTM card, @306# ~147° rotated Y
axis!, where the velocity change is maximum, is used for
determining c13 .
III. MEASUREMENT METHODS AND RESULTS
The bulk acoustic wave velocity is measured by the
double-pulse interference method using rf tone burst
signals,11 and the density is measured based on the
Archimedes method.
Figure 3 shows the experimental arrangement of the ve-
locity measurement. Two plane wave ultrasonic devices are
FIG. 3. Experimental arrangement of bulk-wave ultrasonic velocity mea-
surements by the pulse interference method.
FIG. 2. Longitudinal velocity changes influenced by 1% increase and de-
crease of the published constant c13E ~see Ref. 10!. Solid line: 11%, Dotted
line: 21%. s: angles of the crystalline planes described in ASTM card. ASCE license or copyright; see http://jap.aip.org/jap/copyright.jsp
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measurements and an X-cut LiNbO3 transducer for shear
wave measurements on cylindrical buffer rods of synthetic
silica (SiO2) glass. Coupling materials are pure water for
longitudinal waves and a thin layer of bonding material salol
~phenyl salicylate! for shear waves. The signals, which are
converted into ultrasonic waves by the transducer, propagate
through the buffer rod, coupling material, and specimen, as
the waves are reflected and transmitted at each boundary and
are reflected perfectly at the back surface of the specimen.
Two reflected signals from the front surface of the specimen,
V1 , and from the back surface, V2 , are superimposed in the
time domain, and a typical interference wave form, as shown
in Fig. 4, is obtained from the change in the phase difference
between V1 and V2 by sweeping the frequency. The velocity
V is determined with the frequency interval of the interfer-
ence wave form, D f , and the thickness of specimen, h, by
the following equation:
V52D f h . ~7!
The thickness of specimens is measured by a digital length
gauging system with a precision of 60.1 mm. For shear ve-
locity measurements, the reflected signals from the rod-salol
boundary and from the salol-specimen boundary cannot be
separated because the bonding layer of salol is very thin less
than 1 mm. Therefore, the phase shifts caused by the trans-
missions and reflections at those boundaries affect the fre-
quency interval. Shear velocity measurements are conducted
by measuring the acoustic properties ~velocity, attenuation
coefficient, and density! of salol in advance, simulating the
reflection coefficients and frequency intervals in the interfer-
ence wave form based on the ultrasonic transmission line,11
and fitting the simulated results to the experimental results.
The inclination angles between the crystalline planes and
specimen surfaces are measured for all specimens by x-ray
analysis, and the velocity changes caused by these inclina-
tions are corrected by calculations.
The densities of Y- and Z-cut specimens are measured to
be 7460.560.4 kg/m3. The measured results for specimen
thickness and velocity are shown in Table I. All measure-
ments are carried out at temperatures around 23.0 °C. The
FIG. 4. Frequency response of the interference output for multidomain Z-cut
LiTaO3 specimen in longitudinal wave velocity measurement by the pulse
interference method. The specimen thickness is 4038.2 mm.Downloaded 05 Nov 2008 to 130.34.135.83. Redistribution subject tomeasurement frequency range of longitudinal waves is 95 to
220 MHz, and that of shear waves is 60 to 180 MHz.
The determined elastic constants and density of multido-
main LiTaO3 crystal are shown in Table II, together with
those of the single-domain crystal. Although the elastic con-
stants of the single-domain crystal have been reported previ-
ously in several articles,10,12–15 we adopt the constants deter-
mined from the single-domain specimens cut from the same
ingot as the multidomain specimens used in this article to
consider the differences in elastic properties between single-
and multidomain crystals caused by the differences in do-
main structures.16 The acoustical physical constants of the
single-domain crystal ~elastic constants at constant electric
field ci j
E
, piezoelectric constants ei j , dielectric constants at
constant strain e i j
S
, and density! are determined by measur-
ing bulk longitudinal and shear velocities, dielectric con-
stants, and density. Then, the elastic constants at constant
electric displacement ci j
D of the single-domain crystal are cal-
culated by the following equation:17
ci j
D5ci j
E 1eik~e
S!kl
21el j . ~8!
It is clear that the elastic constants of the multidomain
LiTaO3 crystal differ from both the elastic constants at con-
stant electric field ci j
E and those at constant electric displace-
ment ci j
D of the single-domain crystal. Although c13 of the
multidomain crystal is almost equivalent to c13
E of the single-
domain crystal, the other elastic constants ci j of multidomain
crystal exist between ci j
E and ci j
D of the single-domain crystal.
However, no significant difference in their density can be
recognized.
TABLE I. Measured results for specimen thickness and bulk wave velocity
of the multidomain LiTaO3 crystal.
Specimen Mode Thickness ~mm! Velocity ~m/s!
X Longitudinal wave 4069.160.1 5636.2360.22
Z Longitudinal wave 4038.260.1 6083.5260.28
Z Degenerate shear wave 4038.260.1 3713.8560.39
Y X-polarized shear wave 4049.360.1 3608.1760.23
(0210) 58.35°Y X-polarized shear wave 4040.460.1 3413.1460.17
~306! 147.02°Y Longitudinal wave 4014.060.1 5713.1360.21
TABLE II. Determined elastic constants and density of single and multi-
domin LiTaO3 crystals.
Single domain Multidomain
ci j
E ci j
D ci j
Difference
from ci j
E
Difference
from ci j
D
Elastic c11 2.331 2.421 2.370 10.039 20.051
constant c12 0.464 0.375 0.427 20.037 10.052
(31011 N/m2) c13 0.835 0.827 0.835 0.000 10.008
c14 20.108 20.237 20.161 20.053 10.076
c33 2.752 2.845 2.761 10.009 20.084
c44 0.953 1.139 1.029 10.076 20.110
c66 0.933 1.023 0.971 10.038 20.052
Density
(3103 kg/m3)
r 7.4604 7.4605 10.0001 ASCE license or copyright; see http://jap.aip.org/jap/copyright.jsp
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The angular dependences of LSAW velocity are mea-
sured at 225 MHz on single- and multidomain 36°Y -cut
LiTaO3 substrates by line-focus-beam ~LFB! acoustic mi-
croscopy.
LFB acoustic microscopy is a technique used to measure
the propagation characteristics of LSAWs propagating along
the water-specimen boundary by analyzing V(z) curves,
which are obtained by changing the relative distance z be-
tween the ultrasonic device and the specimen.18 A cross-
sectional geometry of an ultrasonic device and a specimen is
given in Fig. 5 to show the construction mechanism of a
V(z) curve. The ultrasonic device consists of a ZnO film
piezoelectric transducer fabricated on the upper end of a
Z-cut sapphire rod with a cylindrical concave surface at its
base. When the relative distance between the ultrasonic de-
vice and the specimen, z, is varied, components Nos. 0 and 1
in Fig. 5 interfere, and an interference wave form called V(z)
curve is obtained, as shown in Fig. 6. From the oscillation
interval in this wave form, Dz , LSAW velocity VLSAW is
given by the following equation:
VLSAW5
VW
A12S 12 VW2 f Dz D
2
, ~9!
FIG. 5. A cross-section of the LFB acoustic lens to explain V(z) curve
measurements. uLSAW : critical angle of LSAW, VLSAW : LSAW velocity,
and VW : longitudinal velocity in water.
FIG. 6. V(z) curve measured on a multidomain Z-cut LiTaO3 specimen for
Y-axis propagation.Downloaded 05 Nov 2008 to 130.34.135.83. Redistribution subject towhere VW is the sound velocity of longitudinal waves in
water and f is the ultrasonic frequency. The measured values
are calibrated by using gadolinium gallium garnet as a stan-
dard specimen whose elastic constants and density have been
precisely measured.19
The measured results of the LSAW velocity for single-
and multidomain 36°Y -cut LiTaO3 substrates are shown in
Fig. 7 together with the calculated results. Circles and dia-
monds are the measured values for single- and multidomain
crystals, respectively. Solid and dashed lines are the results
calculated by the determined constants of single- and multi-
domain crystals, respectively, and the dotted line is the result
calculated by the published values for a single-domain
crystal.10 Although the measured LSAW velocities for the
crystals used in this article cannot be explained by the dotted
line with respect to the published values,10 the measured val-
ues agree well with the values calculated by the determined
constants for both single- and multidomain crystals.
V. CONCLUSION
In this article, bulk acoustic wave velocities and density
were measured for multidomain LiTaO3 substrates which are
extremely different in the domain structure from the single-
domain crystal, and all the independent components of the
elastic constants were determined for the first time. Compar-
ing the determined elastic constants of the multidomain
LiTaO3 crystal with those of the single-domain crystal re-
vealed that the elastic constants of the multidomain crystal
differ from both the elastic constants at constant electric field
ci j
E and those at constant electric displacement ci j
D for the
single-domain crystal. In addition, when the angular depen-
dences of LSAW velocity were measured on single- and
multidomain 36°Y -cut LiTaO3 substrates by LFB acoustic
microscopy and compared with the values calculated using
the determined constants, the measured values agree well
with the calculated values. The constants determined here
will enable us to make theoretical calculations for interpre-
FIG. 7. Angular dependences of LSAW velocity measured on single- and
multidomain 36°Y -cut LiTaO3 substrates. s: measured values for single-
domain substrate. L: measured values for multidomain substrate. Solid line:
results calculated using the determined constants for a single-domain crystal
in Table II. Dashed line: results calculated using the determined constants
for the multidomain crystal. Dotted line: results calculated using the pub-
lished constants for the single-domain crystal ~see Ref. 10!. ASCE license or copyright; see http://jap.aip.org/jap/copyright.jsp
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LiTaO3 crystal associated with acoustic inhomogeneities.
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